37-kDa laminin receptor precursor (37LRP) has a crucial role in migration of some human cancers. Epithelial-to-mesenchymal transition (EMT) has received much attention in invasion and metastasis of lung cancer. Nevertheless, the role of 37LRP is not entirely clear in EMT promotion of lung cancer at present. In this study, we firstly examined the possible role of 37LRP in the invasiveness and metastasis process of lung cancer using immunohistochemistry of 80 lung adenocarcinoma cases, western blot and real-time PCR of 12 fresh lung adenocarcinoma tissues. The results showed that 37LRP significantly correlated with clinical stage and were highly expressed in metastatic lung adenocarcinomas compared with nonmetastatic ones. In vitro, we observed that 37LRP significantly increased the adhesive, invasive and metastatic abilities of human lung adenocarcinoma cell lines A549 by 37LRP-lentivirus interference. Furthermore, inoculation of A549 cells transduced with 37LRP-lentivirus in nude mice resulted in multi-metastases including the lung. In addition, western blotting and immunofluorescence were used to detect the significant difference in expression of E-cadherin and fibronectin in A549 by 37LRP-lentivirus interference compared with 37LRP-small interference RNA-lentivirus interference in vitro and vivo. The data indicated that A549 cells of epithelial cell characteristics might be induced to undergo EMT by 37LRP. A549 cells transduced with 37LRP-lentivirus showed marked morphological changes, accompanied by the decrease of epithelial marker E-cadherin and the increase of mesenchymal marker fibronectin. These results indicated that 37LRP may promote lung adenocarcinoma invasion and metastasis via the mechanism of EMT.
INTRODUCTION
Lung cancer is one of the most common malignancies and the leading cause of death among cancers worldwide.
1,2 The metastasis of tumor cells is a major obstacle to cancer treatment. This high mortality of lung cancer is attributed to its early metastasis, especially for lung adenocarcinoma. 3, 4 Tumor cell metastasis is a multistep process, requiring multiple cellular factors. First, tumor cells attach to their surrounding extracellular matrix (ECM) by the interaction of laminin and its receptor, 5, 6 then secrete metalloproteinases to degrade the basement membranes to enter the circulation. 7, 8 Moreover, tumor cells also have to properly regulate the activity of certain molecules. Recent researches have demonstrated that epithelial-to-mesenchymal transition (EMT) has a key role in the early process of metastasis of cancer cells. 9 In the EMT process, epithelial cells lose their features, gain mesenchymal properties and become motile and invasive. 9 The feature of EMT is the reduction of cell-cell adhesion, especially the reduction of E-cadherin that is critical to maintain the epithelial structure. It has been reported that the loss of E-cadherin expression is correlated with tumor invasion and metastasis. 10 With the loss of E-cadherin expression, the expression of mesenchymal markers, fibronectin and vimentin can be upregulated when EMT occurs. 10 The 37-kDa laminin receptor precursor (37LRP) is a non-integrin family receptor that is required for cell differentiation, movement and growth. On the one hand, it is exported to the cell surface and functioned as a cell-surface-associated 67 kDa laminin-binding protein. 11 On the other hand, in many cases, a positive correlation between 37LRP expression and tumor aggressiveness or metastatic potential has also been found. [12] [13] [14] Our study further represented that 37LRP-enhanced adhesion of gastric cancer cells to laminin has a complicated role in the metastasis gastric cancer cells. 15, 16 However, the role of 37LRP and the detailed mechanism of how 37LRP contributes to metastasis in lung cancer remain unclear. It is identified as a main inducer of EMT in lung adenocarcinoma 17 and esophageal adenocarcinoma, 18 pancreatic cancer, 19 breast cancer 20 and so on. It was recently reported that integrina (V) b-(3)-focal adhesion kinase signaling has an important role in PTTG induces EMT in lung cancer cells. 21 However, the role of non-integrin receptor 37LRP in promotion of EMT in lung cancer cells is still unknown.
To understand the role and mechanism of 37LRP in lung adenocarcinoma cell invasion and metastasis, we demonstrated in this study that 37LRP promoted tumor progression and metastasis, and induced a series of EMT-associated changes in lung adenocarcinoma cell.
MATERIALS AND METHODS

Tissue collection and immunohistochemistry
Paraffin specimens of 80 lung cancers patients were collected from Department of Pathology, Xijing Hospital, Xi'an, China. Primary site tissues from six nonmetastatic lung adenocarcinomas and six metastatic lung adenocarcinomas were obtained from patients who underwent surgery at the Department of General Surgery of Xijing Hospital. All cases of lung adenocarcinoma were clinically and pathologically proved. The protocols used in this study were approved by the Hospital's Protection of Human Subjects Committee. Written informed consent for participation in the study was obtained from the patient's guardian. Immunohistochemistry was performed according to a method described previously.
22 37LRP mouse monoclonal antibody (developed by Beijing Biosynthesis Biotechnology, Beijing, China) were used with 1:100. Result was evaluated by formula as described previously: 23 the staining score ¼ the intensity of immunoreactivity (IR) Â the proportion of positively staining cells. The intensity of IR was stratified into four categories: 0, no IR; 1, weak IR; 2, moderate strong IR; and 3, strong IR. The proportion of positive cells was classified into four groups: 0, 0-5% tumor cells exhibiting IR; 0.33, 5-33% of the tumor cells exhibiting IR; 0.67, 33-67% of the tumor cells exhibiting IR; and 1, 67-100% of the tumor cells exhibiting IR.
Cell culture
The human lung fibroblast (HLF) cell (Shang Hai Fuxiang, Biotech, Wuhan, China) and lung adenocarcinoma cell lines H1299 and A549 obtained from our laboratory were maintained in RPMI 1640 medium containing 10% fetal bovine serum at 37 1C in a humidified atmosphere of 5% CO 2 .
Western blotting
Western blotting was performed according to a method described previously. 22 Protein was resolved on 12% SDS-PAGE and electrotransferred to nitrocellulose membranes. The immunoblots were probed with mouse monoclonal antibodies (anti-37LRP, 1:200; anti-E-cadherin and antifibronectin, 1:1000, BD Biosciences, NJ, USA; and anti-b-actin, 1:4000, Sigma, St Louis, MO, USA) overnight at 4 1C, followed by incubation with the corresponding secondary antibodies. The blots were visualized with ECL-Plus reagent (Sigma).
Quantitative real-time PCR Total RNA was isolated and real-time PCR was performed as previously. 22 The primers for 37LRP were (forward) 5 0 -GCAGCAGGAACCCACTTAGG-3 0 . After testing overexpression and knockdown efficiencies, stem-loop oligonucleotides were synthesized and cloned into the lentivirus-based vector PsicoR (Addgene, Cambridge, MA, USA). A nontargeting (scrambled) stem-loop DNA PsicoR vector was generated as a negative control. Lentiviral particles were prepared as described previously. 24 Then, the overexpression and knockdown efficiencies were confirmed by western blot analysis. Lung adenocarcinoma cells were infected with 37LRPcDNA-lentivirus, siRNA-lentivirus or negative control lentivirus at 7 days and examined at 10 days. Lung adenocarcinoma A549 cells transfected with siRNA-lentivirus-37LRP and scrambled RNA duplex were designated as A549/37LRP-si1, A549/37LRP-si2, A549/37LRP-si3 and A549/scr. Lung adenocarcinoma A549 cells transfected with 37LRPcDNA lentivirus and empty vector were designated as A549/37LRPcDNA and A549/pc.
Immunofluorescence microscopy
Lung adenocarcinoma transfected cells were plated on sterile coverslips. Cells were incubated with antibodies E-cadherin (1:500) and fibronectin (1:500) overnight at 4 1C, then incubated with fluorescein isothiocyanateconjugated anti-mouse antibody (1:200, Santa Cruz, Santa Cruz, CA, USA) and Alexa Fluor 555-conjugated anti-mouse antibody (1:200, Santa Cruz) for 2 h at 37 1C. Finally, add 1 mg ml À 1 Hoechst dye solution for 10 min. All cell sections were evaluated using a Â 63 oil-immersion objective (numerical aperture 1.4) equipped with an image analysis program (Image Pro Plus, Imagine e Computer, Milan, Italy) and analyzed quantitatively. The integrated optical density was calculated for arbitrary areas, measuring in 10 fields for each sample using a Â 40 objective. Data were pooled to show a mean value, and a statistical analysis was applied to compare the results obtained from different experimental groups. The data were presented as mean ± s.d.
Tail-vein metastatic assay
Sixteen nude mice, 3-4 weeks old, female, were purchased from the HFK Biosciences (Beijing, China) and maintained in our animal facilities under specific pathogen-free conditions. All experiments were approved by Animal Care and Use Committee at Fourth Military Medical University and were in accordance with the Declaration of the National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication no. 85-23, revised 1985).
They were divided into two groups with eight nude mice in each group and injected through the tail vein with 1 Â 10 6 cells in 0.1 ml PBS and monitored for overall health and total body weight. Five weeks after injection, sites of metastasis were imaged with an IVIS Imaging System (Caliper Life Sciences, Waltham, MA, USA). Then mice were killed and lung tissues were observed visually.
Wound-healing assay
The wound-healing assay was performed to measure two-dimensional movements. In six-well plates, cells were cultured until a confluent state was reached. After having been placed in serum-free RPMI 1640 for 24 h, the monolayers were caused to wound by 200 ml plastic tips. Phase contrast images were captured after the incubation of cells for 48 h.
Adhesion assay
The adhesive ability of lung cancer cells were detected in 24-well plates coated with Matrigel as described previously. 22 A 0.5-ml suspension of tumor cells (1 Â 10 5 per ml) was transferred into the covered plate. After the plate were incubated for 2 h at 37 1C under normoxia, adhesive cells were washed with PBS twice, then counted under a microscope at Â 200 magnifications on 10 random fields in each well. Each experiment was performed in triplicate. The data were presented as mean ± s.d.
Invasion assay
Cell invasion was performed as described previously 22 using 24-well transwell chambers (8-mM pore size; Costar, Corning Costar, MA, USA). The cells were added onto the upper chamber, and DMEM containing 10% bovine serum was added into the lower chamber. The cells were allowed to incubate for 24 h at 37 1C and exposed to normoxia, the noninvaded cells were removed from the top of the transwell with a cotton swab, the cells that invaded the bottom surface of the transwell were fixed with methanol and were stained with hematoxylin. The invasiveness was determined by counting the penetrating cells under a microscope at Â 200 magnification on 10 random fields in each well. Each experiment was performed in triplicate. The data were presented as mean ± s.d.
Statistical analysis
Statistical analysis was carried out using one-way analysis of variance or unpaired t-test. All data were represented as mean ± s.d. of three independent experiments. Results were considered statistically significant when the P-value was o0.05.
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RESULTS
LRP is overexpressed in metastatic lung adenocarcinoma cancer in vivo
To explore the role of 37LRP on metastasis and invasion of lung adenocarcinoma, we performed immunohistochemistry for 37LRP on 80 lung adenocarcinoma specimens. We compared the expression of 37LRP in nonmetastatic lung adenocarcinoma from 50 patients with that in metastatic lung adenocarcinoma from 30 patients. We found that 37LRP was predominantly located in the cytoplasm (Figure 1a) . 37LRP expression was graded on a 0-2 þ scale. Weak staining for 37LRP expression was scored as 1 þ as an internal control. Tumor samples showing higher than 1 þ staining were considered to be strong expression. We compared the expression of 37LRP with tumor differentiation, and found a significant correlation between 37LRP expression and tumor differentiation (P ¼ 0.043; Table 1 ). There was an increase in strong staining positive rate of 37LRP expression with tumor differentiation (Table 1) . A similar trend was also found between 37LRP and tumor node metastasis status (P ¼ 0.012; Table 1 ). Then, we compared the expression of 37LRP in primary sites from patients enduring nonmetastatic lung adenocarcinoma with those from patients enduring metastatic lung adenocarcinoma. The average score of 37LRP in metastatic lung adenocarcinoma was significantly higher than that in nonmetastatic lung adenocarcinoma (2.98±0.78 versus 0.23±0.091, Po0.05; Figure 1b) . These results suggested that 37LRP were highly expressed in metastatic lung adenocarcinoma.
37LRP mRNA levels were analyzed by total RNA from 12 lung cancer tissues, including six nonmetastatic and six metastatic tissues. The abundance of 37LRP mRNA was different between nonmetastatic lung adenocarcinoma and metastatic lung adenocarcinoma, with the level of 37LRP mRNA in nonmetastatic lung adenocarcinoma lower than that in metastatic lung adenocarcinoma ( Figure 1c) . We also detected 37LRP protein expression by western blotting, and found that the expression of 37LRP was significantly higher in metastatic lung adenocarcinoma than in nonmetastatic lung adenocarcinoma (Figure 1d ).
LRP is overexpressed in lung adenocarcinoma cancer cell lines in vitro
Western blotting and real time-PCR were performed from human lung adenocarcinoma cell lines A549, H1299 and HLF cell line. 37LRP mRNA and protein were shown to be highly expressed in the human lung adenocarcinoma cell lines A549 and H1299 compared with HLF cell line (Figures 1e and 1f ).
37LRP promotes cell motility, adhesion, invasion and in vivo metastatic potentials of lung adenocarcinoma To further confirm the role of 37LRP in metastasis and invasion, we constructed 37LRP overexpression and siRNA-targeting plasmids. For effective downregulation of 37LRP, three 37LRP-specific siRNA vectors, 37LRP-si1, 37LRP-si2 and 37LRP-si3, were constructed. A lentivirus-based delivery system was used to transfer the 37LRP sense and siRNA plasmids into lung adenocarcinoma cells A549 (Figures 2a and c) . As shown in Figures 2b and d, 37LRP sense vector upregulated 37LRP expression, and 37LRP-si1 effectively downregulated 37LRP in A549 cells, whereas the effect of 37LRP-si2 and 37LRP-si3 was minimal. Therefore, A549/37LRPcDNA and A549/37LRP-si1 were chosen for further assays.
Important characteristic of EMT involves cell motile behavior and the ability of adhesion and invasion. Therefore, we first investigated the effect of 37LRP on the motility of cells. The wound-healing assay was used to measure the motility of A549 cells. As shown in Figure 3a , the phase contrast images captured after 48 h incubation indicated that 37LRP enhanced cell motility. To evaluate the effect of 37LRP on cell adhesion, the ability of A549/37LRP-si1, A549/scr, A549/37LRPcDNA and A549/pc to adhere to Matrigel was investigated. Results showed that Tail-vein metastatic assays in nude mice were performed to test the in vivo metastatic ability of A549/37LRPcDNA and A549/pc cells. Intravenous inoculation of A549/37LRPcDNA cells led to multi-metastases including lung (Figures 4a and b) . The lung and visceral organs lesions were significantly increasing in A549/37LRPcDNA group than in A549/37pc group. These results are summarized in Table 2 . We also detected that the expression of 37LRP was significantly higher in A549/37LRPcDNA group than in A549/pc group by western blot analysis (Figure 4c ). Both in vitro invasion assays and in vivo nude mice assays suggested that 37LRP had the potential to promote lung adenocarcinoma metastasis.
37LRP induces an EMT and cell migration
To further explore the mechanism of 37LRP in invasion of lung adenocarcinoma, we examined the effect of 37LRP on the expression of E-cadherin and fibronectin in A549/37LRPcDNA and A549/pc cells. As shown in Figure 5a , A549/pc cells maintain highly organized cell-cell adhesion and cell polarity, whereas A549/37LRPcDNA cells maintain loss of cell-cell contacts and cell scattering. The cobble of stone-like appearance of these epithelial cells was replaced by a spindle-like, fibroblastic morphology (Figure 5a ). Immunofluorescence and western blotting showed that the expression of E-cadherin could be downregulated by 37LRP; however, fibronectin results showed opposing effects (Figures 5b and c) . The average integrated optical density value of E-cadherin and fibronectin were consistent with the above results (Figure 5d ). Hence, both the morphological and molecular changes in A549 cells demonstrated that 37LRP cells induce an EMT and cell migration.
DISCUSSION
Lung cancer is a disease of uncontrolled cell growth in lung tissues, and lung adenocarcinoma is the most prevalent type of Role of EMT in cell invasion and metastasis Y Wang et al lung cancer. Tumor uncontrolled growth may lead to metastasis, which includes invasion of neighboring tissues and infiltration beyond the primary tumor. It is well known that metastasis is a mortal factor for lung cancer patients, but the exact mechanisms of lung cancer metastasis remain unclear. 37LRP has been reported to be a precursor protein of the 67-kDa laminin receptor (67LR), 11, 25 which has been found to have an increase in a variety of common cancers compared with their corresponding normal tissues; 12, 26 and in many studies, a positive correlation between 37LRP expression and tumor metastatic potential has also been found. 12, 27 However, whether 37LRP has an important function in metastasis and invasion of lung adenocarcinoma is not clear.
In our results, we presented the first evidence that 37LRP was highly expressed in metastatic lung adenocarcinoma compared with nonmetastatic tissue from lung adenocarcinoma patients, and that significantly correlate with clinical stage in lung adenocarcinoma samples. This result was consistent with previous reports on 37LRP expression in ovarian cancer.
14 To further test this result, we examined 37LRP expression level in lung Role of EMT in cell invasion and metastasis Y Wang et al adenocarcinoma cells A549 and H1299 and HLF cell. 37LRP expression level was significantly higher in metastatic lung adenocarcinoma cells A549 and H1299 than in HLF cell. Moreover, in in vitro wound-healing, adhesion, invasion and in vivo metastatic assays we found that the 37LRP significantly increased invasion and metastasis in lung adenocarcinoma. Taken together, these results suggested that 37LRP participated in the process of invasion and metastasis in lung adenocarcinoma. The normal epithelium is organized tissue structure through interactions between receptors on the surfaces of cells and molecules in the ECM. 37LRP is the precursor of 67LR that is one such receptor. 27 The results of the previous study demonstrate that 37LRP has some of the biological activities of 67LR. 9 As we all know cancerous tissue is recognizable, because it is significantly different in its morphology from the normal epithelium. Normally, cells in the epithelial layer remain adjacent to one another, but in cancer cell polarity is lost and the single cell layer becomes multilayered. 9 As the cancer develops, tumor cells invade the surrounding tissue by interactions between cancer cells and laminin in the ECM and loss of adhesion and increased cell motility, also detected during EMT. 26, [28] [29] [30] Additional support for the involvement of EMT in carcinogenesis is molecular changes characteristic of EMT, which also enhance tumor invasion and/or metastasis. 9 Recent studies have provided evidence that EMT in different cell lines including A549 cells can be induced in vitro, 10, 31, 32 and found 67LR is involved in EMT, modulation of b-catenin expression and increase of migratory activity of an adenoid cystic carcinoma cell line CAC2. 33 In agreement with previous reports, we showed that lung adenocarcinoma cells A549 underwent EMT in response to 37LRP level change, indicating that 37LRP has important role in EMT process. EMT is first identified as a change in cell morphology. After transfection with 37LRPcDNA-lentivirus for 48 h, most A549 cells showed obviously morphological changes that became more elongated and presented a spindle-shaped, fibroblast-like phenotype, as compared with A549/PGC cells, but small part of cell morphology changes were slight. A reduction in E-cadherin level is considered as a hallmark of EMT. 9 However, loss of E-cadherin is not the sole critical event of EMT, because suppressing E-cadherin expression with transfection of antisense RNA did not lead to a full EMT. 34 Although E-cadherin has an important role in maintaining the epithelial structural integrity and polarization, cells undergoing EMT acquire mesenchymal markers such as fibronectin 35 with the loss of epithelial marker such as E-cadherin. We therefore investigated the effect of 37LRP on the expression of EMT-related protein markers by western blotting and immunofluorescence. The results indicated that the expression changes of two EMT-related proteins occurred in A549 cells. EMT may contribute to greater motility and higher invasiveness of tumor cells. This partly explains the mechanism that 37LRP promotes lung adenocarcinoma cells invasion and metastasis by EMT.
In summary, we show that human lung adenocarcinoma A549 cell lines transfected with 37LRPcDNA-lentivirus results in EMT, marked by changes in cell morphology, cell behavior and expression of EMT-related protein markers. 37LRP may promote invasion and metastasis by means of EMT. The results of this study may be useful in designing novel therapeutic interventions that block 37LRP activation, resulting in reduction of fibronectin and consequently blocking the invasion and metastasis in lung adenocarcinoma. But further studies are required to reveal the mechanism of lung adenocarcinoma cell invasion in the process of EMT.
